Introduction
The foot structure, a vital connection between the human body and the ground, plays a highly important role in human locomotion. Knowledge of the dynamic stress evolution within and between its different structural components is a key for understanding their respective function during gait, and will also allow a better comprehension of some disorders. Despite the critical role of the foot, quantitative kinematic and dynamic analysis during gait is still in its infancy. The present study is therefore aimed to develop an integrated system of experimental and numerical tools, in order to analyze the three-dimensional foot structural behavior during gait and to open new approaches for clinical applications.
Since direct measurements of the stress distribution within the human foot in vivo during gait are not feasible, the use of a model, subjected to dynamic muscle and structural loading, as well as to a set of ground constraints, is the only alternative for carrying out such an investigation. Modeling of the foot necessarily confronts a three-dimensional problem. Stresses within the foot structure are dependent on the three-dimensional geometry of its components ͑hard and soft tissues͒, including the anatomical areas through which muscular and skeletal forces are transferred. The directions and magnitudes of these forces in the three-dimensional space, which are functions of the activity performed ͑e.g., gait, running, jumping, etc.͒, are also basic factors that determine the stress state of the foot.
The latest quantitative models that have analyzed the human foot as a mechanical structure used various simplifying assumptions concerning its geometry, mechanical properties of its tissues, and muscle loading. Nakamura ͓1͔ used a two-dimensional Finite Element ͑FE͒ model in an attempt to predict the stress states within the plantar soft tissue of the human foot for different shoe conditions. In his work, a single elastic body represented the complex bony structure of the foot with its articulated joints. A major breakthrough was achieved by Simkin ͓2͔, who developed a static model of the foot during standing, using matrix structural analysis. This model was both representative and quantitative in the three dimensions. However, as some joint geometric misrepresentation could not be avoided when using matrix structural analysis, the resulted reduced accuracy in the field of displacements did not allow a complete validation of the model. More complex models of similar concept, consisting of hinge joints, springs, and dampers to represent viscoelastic behavior, were recently suggested by Gilchrist et al. ͓3, 4͔. Chu et al. ͓5͔ presented an asymmetric three-dimensional FE foot model for analysis of ankle-foot orthosis effects. Linear elastic ligaments and soft tissue were included in this model, yet, the complex articulated structure of the foot skeleton was treated as a single body. The recent two-dimensional FE model by Patil ͓6͔,  used to study regions of high stress in normal and neuropathic feet during gait, was constructed according to the two-dimensional cross-sectional anatomy of the foot, obtained from a lateral X-ray image; although their work is an important step toward the ability to predict structural stress concentrations in normal and disordered feet, the two-dimensional approach limits the model validity. In the latest three-dimensional FE model of Patil's group ͓7͔, bones of the medial and lateral arches in the medio-lateral directions are combined, forming, nonetheless, a simplified foot structure.
Some enhancement in the simulation of foot behavior was recently achieved by using a five planar sections approach ͓8,9͔, in which each of the five foot rays is modeled as an individual twodimensional structure. Nevertheless, this methodology cannot account for the three-dimensional interlinks among the foot skeletal components. One may conclude from the above-mentioned recent studies that a state-of-the-art model of the human foot for analysis of structural stresses during gait is still missing and should be developed according to real, highly accurate three-dimensional in vivo skeletal geometry, including the three-dimensional anatomical cartilaginous articulations. Ligaments and soft tissues should also be considered and their nonlinear biomechanical behavior must be based on experimentally obtained data. Furthermore, the model should be validated by comparing its predictions with experimentally obtained kinematic/dynamic data, recorded during natural gait.
Therefore, in the present study, a complex three-dimensional FE model of a normal foot structure, including cartilage and ligaments for simulation of realistic joint articulations, is developed for the first time in the literature, in discrete events during the stance phase of gait. The development of this realistic threedimensional foot model requires in vivo information on the relationship of foot skeletal motion during stance to the resultant Foot-Ground Pressure Pattern ͑FGP͒. In order to obtain such information, a novel experimental gait analysis technique had also to be developed and consequently used in this study. As further presented, this technique integrates two measurement methods: Contact Pressure Display ͑CPD͒ and Digital Radiographic Fluoroscopy ͑DRF͒. The CPD/DRF integrated experimental analysis is able simultaneously to yield both the kinematic and dynamic structural behaviors of the foot during gait, including the FGP, needed for the development and validation of the threedimensional FE model.
The information provided by the foot model on the regions of high stresses in the foot further allows numerous medical applications, toward diagnosis and prognosis. For example, locating sites of highly elevated stresses in the foot during gait is of major clinical importance in understanding the development mechanisms of stress fractures ͓10͔, arthrosis ͓11͔, or diabetic ulcers ͓9,12,13͔. Simulation of structural disorders and their surgical correction, e.g., presurgical evaluation of the biomechanical effects of an internal fixation used to treat skeletal fractures, are also possible applications of the newly developed foot model.
Experimental Methods
The Contact Pressure Display "CPD… Method. The CPD is an optical method developed by Arcan and Brull ͓14-17͔ for quantitative plantar pressure measurements ͑see also ͓2,9,10,13,18-21͔͒. According to this method, a birefringent integrated optical sandwich was built and used for analysis of the foot-ground contact pressure distribution. The total transferred load is discretized into contact points by a matrix of independent pins with spherical tips. Using monochromatic polarized light, concentric isochromatics appear under every contact point and their maximal diameter is a calibrated function of the local contact load. The contact pressure images were acquired using a highresolution 0.5 in. CCD camera ͑Chiper, CPT-8360͒. A digital video capture board ͑Miro 20TD͒, installed in a PC, was used to store the images for later processing using a specifically developed software, in order to obtain quantitative patterns of pressure distribution. The CPD method was selected to be used in the present research for plantar pressure evolution measurements because of its ability to yield a simultaneous, fast imaging process of the whole contact area; moreover, the optical multisensor device could be easily adapted for the further proposed integrative system.
The Digital Radiographic Fluoroscopy "DRF… Method.
The DRF method is a computerized X-ray based examination that displays and electronically records skeletal and soft tissue motion, providing the positions of the foot bones and joints during gait. The Philips Multi Diagnost 3 ͑MD3͒ DRF system, located at the Diagnostic Imaging Dept., Sheba Medical Center ͑Tel Aviv͒, was used for the experiments. The MD3 is a maneuverable multifunctional, fully digital and highly accessible X-ray system, usually used for vascular/nonvascular ͑e.g., gastrointestinal͒ diagnostic interventional procedures and radiographic fluoroscopy examina- Fig. 1 The CPDÕDRF integrated experimental analysis: "a… the experimental setup and "b… representative CPDÕDRF data of a normal foot structure during various discrete stages of the stance phase; gait velocity 0.5 mÕS. Time intervals are different between frames to present the most characteristicÕdescriptive subphases of the stance tions. The MD3 offers an immediate image display during acquisition, as well as viewing, reviewing, and image storage options. It also includes a remote control panel, a dual-wedge filter in the X-ray tube's collimator for improved image quality and a DSI ͑Digital Spot Imager͒ ͑Philips͒ for automatic on-line optimization of images, during acquisition. The C-arm's rotation, angulation, and scanning movements allow projections from various positions and angles.
The CPDÕDRF Gait Platform. Integrating the two measurement systems, foot-ground CPD and DRF, a basis condition of simultaneous data recording, was implemented, setting up a large field of applications. The contribution of each segment to the structural behavior of the foot may be studied by applying image processing and numerical analysis techniques. A CPD/DRF gait platform of 2.5 m length was mounted on the MD3 examination table ͑Fig. 1͑a͒͒. A computer-aided digitizing method of the foot's motion during the stance phase of gait was developed, to investigate the relationships of structural kinematic data to dynamic plantar pressure. The integrated CPD/DRF measurements provided the detailed skeletal motion and joint behavior of the foot simultaneously with the evolution of the plantar pressure pattern during the stance phase of gait, as shown in Fig. 1͑b͒ .
The Model
Building the Foot Three-Dimensional Skeletal Geometry. The foot bones were initially modeled as individual parts. The three-dimensional geometry of each bone was obtained using a surface generation software ͑SURFdriver, Moody & Lozanoff͒, which created a detailed morphological reconstruction of the anatomical structure. Open MRI coronal images of the feet of a 27-year old male and a 25-year old female, as well as cryosection coronal foot images of a 39-year old male ͑The Visible Human Project, U.S. National Library of Medicine, http:// www.nlm.nih.gov/͒ were used to obtain the three-dimensional shape of each bone in the foot skeleton. The relative positions of the modeled bones were then determined from sagittal Open MRI image slices of these subjects to conform to published anatomical data ͓22͔. Particular attention was given to the surface geometry of the ankle, talocalcaneal, calcaneocuboidal, and talonavicular articulations.
The present foot model, shown in Fig. 2 , consists of a total of 17 bony elements, which are interconnected by cartilaginous joints. Proximal, middle, and distal phalanges were unified in each toe for simplification, due to computational limitations of the FE solver. This assumption is not expected to yield significant inaccuracies in the predicted stress distributions, since during normal gait, at a moderate velocity, the contact stresses applied to the forefoot do not flex the interphalangeal joints ͓23͔. Based on anatomical data, the bones and cartilage forming each joint are constrained to move by respective longitudinal ligaments, modeled on both the dorsal and plantar aspects. Transverse ligaments, linking the medial and lateral arches, were also introduced. A total of 15 dorsal ligaments, 15 plantar ligaments, 4 transverse ligaments, 2 ligaments at the talocalcaneal joint, 2 components of the long plantar ligament, and 5 components of plantar aponeurosis are thus incorporated in the model. The soft tissues on the plantar surface of the foot also play a significant role in determining the dynamic structural behavior, by providing a cushion between the ground and the skeletal system. A pad of soft tissue was therefore included in the model, covering the plantar aspects of the calcaneus, fourth, and fifth ͑lateral͒ metatarsal bones and the five metatarsal heads.
Material Properties. A significant difficulty for anatomical models resides in selection of the biological material properties, which are most often dependent on the nature of the applied load, e.g., the loading rate ͓24͔. In the present analysis, a quasi-static loading system is applied to the foot model, by adding inertial forces to the body load, as discussed in the following sections.
Huiskes ͓25͔ reported that in the case of quasi-static loading, both cortical and trabecular bones may be considered as having linearly elastic behavior. Moreover, under quasi-impact loading, useful information can be gained by correspondingly modeling joint cartilage as a linear elastic material ͓26͔. Consequently, in the present model, bone and cartilage materials are assumed to be homogeneous, isotropic, and linear elastic. For the foot bones, Young's modulus is taken as 7300 N/mm 2 and the Poisson ratio as 0.3 ͓1͔. For the cartilage, Young's modulus and Poisson ratio are taken as 1 N/mm 2 and 0.1, respectively ͓27,28͔. The ligaments, plantar fascia, and soft tissue fat pad were considered nonlinear. The typical experimental load-deflection relationship used to model the ligaments was obtained by Race and Amis ͓29͔ through Instron uniaxial tensile tests on healthy, normal lower-limb ligaments. The following expression was fitted to the experimental data for the computational procedure:
with a correlation coefficient of R 2 ϭ0.995, whereas P l is the ligament load in kN, ␦ is the elongation in percent and the constants are a l ϭϪ4.09, b l ϭ5.388, c l ϭ0.287, d l ϭ0.0017. The stiffness curve of the plantar fascia was taken as 70 percent of the ligament stiffness. This correction to the fascia's stiffness values, which was obtained in a convergent process of calculating the model stress state and correcting the load-displacement curve, satisfies the following condition: Under loading, no tensile forces are taken by the cartilage. The stresses that pass through the cartilage are all compressive or ͑nearly͒ zero, just as in reality ͓6,8͔. The mechanical behavior of the soft tissue that pads the bony structure of the foot was taken from Nakamura ͓1͔, who obtained the uniaxial compression stress-strain curve of a specimen taken from the heel of a fresh cadaver. The following relationship was fitted to Nakamura's data:
with a correlation coefficient of R 2 ϭ0.99, whereas s is the fat pad stress in MPa, is the resulted strain and the constants are aϭ0.006 and bϭ10.1. This relationship was subsequently used in the present work for the soft tissue model; the Poisson ratio for the soft tissue ͑0.49͒ was also taken from the same work.
Numerical Method of Analysis. The FE method was selected for numerical analysis of the model due to its unique capability to analyze structures of complex shape, loading, and material behavior. The model was elaborated using the ANSYS 5.3 High-Option FE software package, developed by SAS, U.S., 1996. This powerful version enables generation of up to 32,000 nodes. Automatic division was used to generate an optimal mesh of 3645 solid structural elements that described the curved geometry of bones, cartilage, and soft tissue, as well as 240 rod elements building the ligaments. This mesh was determined by a converging process in which the mesh density was gradually increased, until the deviation in the produced stress values did not exceed 5 percent. During the meshing process, special attention was given to avoid extreme transitions in sizes of adjacent elements, which may induce local inaccuracies in the numerical solution. The selected eight-node elements allowed for large deflections and large strains. Each node has three degrees of freedom, i.e., translation in the x, y, and z directions, a state which is compatible with bending stresses. A nonlinear analysis of up to 25 equilibrium iterations was performed for each loading case, using the Newton-Raphson method.
Adaptation of the Model to the Subphases of Stance. Different terms are used in the literature to define the positions of the foot during the stance phase of gait. It is generally accepted to define three characteristic positions, i.e., heel strike, midstance, and push-off ͓30͔. Some textbooks also define one or two additional intermediate positions ͓31͔ such as heel-rise ͑between midstance and push-off͒ and toe-off ͑following push-off͒. Since the present analysis requires a highly detailed description of the foot motion during stance, it was decided to define a series of six sequential characteristic subphases, which were termed as follows: ͑1͒ initial-contact, ͑2͒ heel-strike, ͑3͒ midstance, ͑4͒ forefoot-contact, ͑5͒ push-off, and ͑6͒ toe-off. This presentation of the stance phase integrates the common literature definitions with two new terms, Initial-Contact and Forefoot-Contact.
Initial-contact describes the position of the foot during its very early interaction with the ground, when only a small part of the heel plantar area is in contact ͑e.g., see the first frame in Fig.  1͑b͒͒ ; subsequently, heel-strike denotes the position of the foot when the heel is in full impacting contact with the ground ͑e.g., the second frame in Fig. 1͑b͒͒ . It was decided to introduce an Initial-Contact subphase, before the Heel-Strike develops, in order to be able to record the whole evolution and time length of the stance, up to Toe-Off. Forefoot-Contact, an intermediate event between midstance and push-off, is the position in which both the forefoot and the anterior part of the midfoot ͑arch͒ are in contact with the ground. The model was adapted for each of the abovementioned subphases by altering its skeletal/muscle loading characteristics and its geometric positioning ͑including both its gross inclination and the alignment of the phalanges in respect with the metatarsal bones͒. The six configurations of the foot model in the sagittal plane are given in Table 1 and Fig. 3 , as related to their time of occurrence, which is expressed in percentage of the gait cycle; the timings are approximated, according to experimental analyses of the evolution of the foot-ground contact area during gait ͓21,30-33͔. Adaptation of the structural and muscle loading system for each subphase is discussed in details in the next paragraphs.
Loads and Constraints. An approximate method of treating dynamic loading during gait is a quasi-static approach, by adding inertia forces to the body weight. The above-described foot model was developed, in its six configurations, while taking into account these inertia forces according to literature reports.
Several muscles are responsible for foot movement during gait. Some of these muscles are characterized by very long tendons; they are located in the lower leg and produce dorsal and plantar flexion. As these muscles are attached to bones of the foot ͑via tendons͒, they obviously contribute to generating internal stresses within its structure. During locomotion, several muscles act predominantly on the foot. These muscles are the Tibialis Anterior ͑TA͒, Extensor Hallucis Longus ͑EHL͒, Extensor Digitorum Longus ͑EDL͒, Triceps Surae ͑TS͒, which include both the gastrocnemius and soleus, Tibialis Posterior ͑TP͒, Flexor Hallucis Longus ͑FHL͒, Flexor Digitorum Longus ͑FDL͒, Peroneus Longus ͑PL͒, Peroneous Brevis ͑PB͒ and the Abductor Hallucis ͑AH͒. The values of forces developed on each of the muscles during the Table 1… stance phase of gait were taken from the literature ͓6,7,34-38͔. Since it is not feasible to measure muscle forces in vivo, muscle forces were predicted in most of these works using optimization techniques, according to some physiological parameters, such as muscle cross-sectional area, muscle mass, muscle fiber length, muscle length, etc. Since these parameters differ significantly among subjects and are highly dependent on body structural characteristics and gender, differences reaching up to 30 percent in magnitudes of muscle forces generated in the lower limbs were observed in the normal, healthy population ͓35͔. In order to study the present foot model numerically, it was necessary to determine a set of strict muscle loads that are active at each stance position, in a quantitative way. Therefore, during the development process, the model was repeatedly solved at each stance position in a converging trial and error procedure. Different muscle forces within the normal range were applied to the structure until validation, in terms of optimal agreement between numerically predicted and experimentally measured plantar pressures was achieved ͑see the following section, Model Validation͒. In the absence of literature data on some muscle forces that are developed in the newly defined stance positions ͑initial-contact and forefoot-contact͒, extrapolation/interpolation values were calculated as first approximations, using the nearest known magnitudes ͓35͔ as reference values; these interpolation values were also corrected within the normal 30 percent range, similarly to the muscle force values available from the literature, to obtain the best accord between computed and measured plantar pressures. The muscle forces used for the stress analysis are detailed in Table 2 .
The Ankle Joint Loads ͑AJL͒ at the different stance stages were adapted from the works of Seireg and Arvikar ͓39͔ and Röhrle ͓40͔ for a normal body weight of 600 N. Since ankle joint reactions are also significantly different ͑25 percent͒ among subjects and highly dependent on body characteristics, gender, and gait velocity ͓41͔, optimal AJL values were again selected in a converging trial & error process meant to achieve successful validation.
The medial part of the calcaneus ͑sustentaculum tali͒, with its groove underneath, acts as a medial pulley for the TP, FDL, and FHL; a less predominant but similar bony protuberance, with similar location at the lateral side of the calcaneus, serves the PL and PB ͓7͔. The effect of this mechanism, called the lateral pulley, appears at the lateral surface of the calcaneus, although the insertion of PL is on the medially located first cuneiform; the PL muscle crosses the foot at its plantar aspect.
Instead of attaching the muscles to single points, their loads are spread over the areas of their anatomical insertion regions ͓22͔ to avoid nonrealistic stress concentrations at the muscle attachment surfaces and thus, mimic the real muscle tendon/bone interaction. A useful approach to achieve this aim is to equally divide each total muscle force applied at a certain subphase ͑Table II͒ to smaller loads of 10-25 percent of the total load, depending on the magnitude of the total force and the size of the insertion region ͓7͔; these smaller loads are distributed as evenly as possible over the insertion surface. The ankle joint load is similarly distributed to loads equaling 10 percent of its total value, located along the sagittal and medio-lateral directions. The forces on the calcaneus due to the muscles FHL, FDL, and TP as they contract around the medial pulley are also considered in the model, as well as the forces applied by PL and PB around the lateral pulley. Figure 3 shows the directions and insertion surfaces of active muscle forces and other loads acting on the foot model ͑Table II͒ at each of the stance positions ͓42͔.
Model Validation. The reaction forces generated during the foot-ground interaction and their evolution during gait are some of the most important biomechanical gait parameters, characterizing foot function ͓16,32,43-45͔. The time-dependent reactions are composed of one vertical component and two horizontal components, for the longitudinal and lateral directions. In order to validate the foot model presented, numerical predictions of the evolution of these three components, as well as of the pressure distribution beneath the foot during the stance phase can be obtained and compared with experimentally acquired data; the resulting distributions of vertical reaction forces on the plantar area of the foot model for the six selected characteristic positions are shown in Fig. 4͑a͒ . Nevertheless, in order to obtain a comprehensive validation of the model, which will be based not only on analysis of its predictions with respect to dynamics of specific feet, but will also allow comparison with statistical data of sub- Table 2 The active muscle and structural loads acting on the model during the stance phase A set of static contact pressure parameters, called Stress Intensity Parameters ͑SIP͒, were introduced by Brosh and Arcan ͓10͔ to provide not only a dimensionless description of the foot static structure as an arch, but also a quantitative mechanical characterization of its structural behavior. The Brosh and Arcan set of static SIP succeeded to characterize the foot structure during standing and to prove its sensitivity and tendency to stress fracture ͓10͔. Statistical correlation was successfully established between critical values of the SIP and the prevalence of stress fractures among young subjects. The above-mentioned static set of SIP were adapted for the dynamic case as follows: for the heel, 
and for the forefoot,
where avg is the transient average foot-ground pressure, calculated as the midstance load transmitted by each foot, divided by the respective contact area; sharp h is the transient average pressure on a square of four adjacent maximally loaded contact points, characterizing the heel of each foot ͑area 1 in Fig. 5͒ ; min m is the transient average pressure on a minimally loaded transverse strip under the arch, during the midstance subphase, characterizing the arch rise of each foot ͑area 2 in Fig. 5͒ ; mh f is the transient average pressure on two adjacent maximally loaded transverse strips, characterizing the metatarsal heads area of each foot during the push-off subphase ͑area 3 in Fig. 5͒ .
In view of the findings of Brosh and Arcan ͓10͔, this dynamic characterization of the foot structure using SIP may enhance screening and classification of subjects with tendency to develop stress fractures ͑for sports, military training, and other activities involving marching exercises͒ according to characteristic parameters of the foot-ground pressure diagrams. In addition to the previously defined SIP, two new parameters were introduced, defining the medio-lateral eccentricities of the Center of Pressure ͑COP͒ for two specific regions of interest, under the heel (e h ) and the metatarsal heads (e mh ):
where, as marked on Fig. 5 , w h and w mh are the transverse widths of the contact areas under the heel and metatarsal heads, respectively, while d h and d mh are the transverse distances of the COP from the medial boundaries of the contact areas under the heel and metatarsal heads respectively ͑Fig. 5͒. Hence, positive values for e h and e mh indicate medial eccentricities while negative values indicate lateral eccentricities. The SIP of three male ͑76, 90, 73 kg͒ and three female ͑57, 60, 54 kg͒ normal, young healthy subjects were calculated from a statistical set of totally 36 dynamic CPD measurements ͑Table 3͒, taken at gait velocities ranging from 0.5 to 0.9 m/s. The specially built CPD/DRF gait platform at Sheba Medical Center was used to record 8 stance phases. However, since the length of the gait platform at Sheba had to be limited to 2.5 m and its optical sensor area to 0.60 m ϫ 0.40 m, due to the physical structure of the DRF examination system, additional 28 measurement sets were taken at the Biomechanics Laboratory, Faculty of Engineering, Tel Aviv University ͑TAU͒, using a unique 7.5 m CPD gait platform. This platform provides a large optical sensor area ͑2.00 m long ϫ 0.60 m wide͒ for a double step follow up, not only permitting the subjects to walk at greater velocities but also allowing more natural gait patterns by eliminating the need to train subjects to step on specific sensitive regions. Complementary systems that are integrated with the CPD gait platform at TAU, including a built-in piezoelectric force plate ͑Kistler, 0.60 m long ϫ 0.40 m wide͒ and a body kinematics measurement system ͑Selspot͒ aimed to analyze both the movements and the inertia forces. The TAU platform provided further means for higher gait velocities and analysis. The SIP values obtained from the above-mentioned 36 CPD data sets were compared with the foot model solutions by statistical means, in order to achieve optimal agreement between numerically predicted and experimentally measured ground-reaction forces. A Student's t test was used for the statistical analysis, and significance was set at the 5 percent level. The results of the comparison for different stance positions are given in Table 3 .
The agreement between the measured SIP values and the model predictions appears to be very good. No statistically significant differences exist between the experimental data and the numerically predicted values in 11 out of the total 14 criteria selected for comparison ͑79 percent͒. The minor discrepancies, which are related to the eccentricity of the heel load during heel-strike and midstance, are mainly due to the fact that the present foot model was developed to represent a typical ''averaged'' foot structure, while the experimental SIP results were obtained from specific subjects. To illustrate this point, an additional t test, aimed at identifying statistical differences between SIP values obtained from male and female subjects, was performed. This genderdependency test showed that the average heel sharpness parameter during heel-strike was significantly higher (pϽ0.01) for the male group (hϭ8.1Ϯ1.2) compared with the female group (hϭ6.8 Ϯ0.5), indicating greater impact forces, mainly due to the body weights, contributing to higher impact on the heel-pad during heel-strike in males. Thus, through statistical comparison of the dynamic SIP, measured from a group of six subjects, with the SIP predicted by the model at different positions during stance, the validation process could be further executed.
Both CPD measurements and the model show that COP eccentricities at the contact regions under the heel and metatarsal heads maintain positive values, i.e., medial orientation, during the whole stance phase ͑Table 3͒. Under the heel, COP values are only slightly displaced toward the medial aspect in an approximately constant shift of 0-6 percent. Under the metatarsal heads, pressures are medially orientated in a more pronounced shift ͑15-27 percent͒. These COP eccentricities under the heel and metatarsal heads were shown to be consistent in normal, healthy subjects. Abnormal foot structures or gait patterns, which are likely to alter the later characteristic COP trajectories ͓44͔, may be consequently characterized using the present SIP approach.
The dynamic SIP calculated in the present study for the midstance stage of male subjects were compared with the static results obtained by Brosh and Arcan ͓10͔ for 22 healthy, young male subjects during standing. The presently obtained dynamic midfoot minimum ͑m͒ was found to be greater by approximately 30 percent, when compared with the static results in the literature. This result may be well expected when considering the tendency to flattening of the arch during midstance ͓21͔, which is obviously reflected by the present dynamic SIP values.
The predictions provided by the model for the horizontal components of the foot-ground reaction force can be validated through comparison to experimental results obtained using a Kistler piezoelectric force platform ͓16͔. The sagittal component is of special clinical interest, since it generates shear stresses both in the plantar soft tissues and in the shoe sole during the stance phase of gait, thus playing an important role in the development process of some foot disorders, e.g., diabetic ulcers ͓12͔. The normalized ͑percent BW͒ evolutions of the predicted vertical and sagittal reaction components through the six subphases of stance ͑Fig. 4͑b, c͒͒ are shown to conform ͑maximum difference 8 percent͒ to typical experimental data measured by Brull and Arcan ͓16͔ during gait tests of a healthy subject, hence further validating the model.
Results
Basics. In order to achieve the three-dimensional foot structural analysis, the following set of biomechanical tools was developed:
1 A system of experimental methods for data acquisition during gait, integrating an optical method for plantar pressure measurements ͑CPD͒ and a digital fluoroscopic instrument ͑DRF͒ for skeletal motion simultaneous recording.
2 A Stress Intensity Parameter ͑SIP͒ system for dynamic evaluation and characterization of the foot and gait individual behavior. A statistical approach based on the Dynamic SIP development also allows to characterize specific gait of various groups ͑e.g., differing by age, gender, etc.͒ or human activities involving marching exercises like military training and some sports.
3 A three-dimensional numerical model of the foot has been developed, incorporating realistic geometric and material properties of both skeletal and soft tissue components of the foot, for biomechanical analysis of its structural behavior during gait.
The first two results are very important, not just for a most complete gait-data-base acquisition and evaluation, but mainly for the model building and its mechanical validation. Obviously, many significant clinical applications are now possible. For instance, the foot model may provide the surgeon some simulated pre-operative alternative foot corrections, including their model-simulated biomechanical effects and thus, assist him toward his final decision.
Model Simulation Results. The model was applied to obtain the stress distribution within the foot structure during the defined six subphases of stance ͑Fig. 6͒. Results of the FE analysis are presented in terms of von Mises equivalent stresses ͑ v.M. ͒, which weight the effect of all principal stresses ͑ 1 , 2 , 3 ) according to the relation: Table 4 .
• The simulated stress distribution for the initial-contact and mainly for the heel-strike subphase show elevated stress sites, at the posterior-medial aspect of the calcaneus, due to the heelground impact. Raised stress values within the foot structure during heel-strike are also found on the dorsal aspect of the talus, which carries the dynamic body loads that are transferred via the tibio-talar joint; the central part of the arch, including the dorsal surfaces of the cuboid and the cuneiforms are also subjected to intensified stresses, due to contraction of the tibialis anterior, extensor hallucis longus, and extensor digitorum longus muscles, which act, together with the mechanisms of ligament stretch and joint motion, to absorb some of the heel-ground impact energy ͓46͔.
• Examination of the stress distribution, obtained for the midstance position, shows relatively high stresses at the talus, calcaneus, and medial metatarsals. The subtalar ͑talus-calcaneus͒ joint appears to be the most loaded joint during midstance. The ankle joint load, the triceps surae muscle force transferred via the Achilles tendon, as well as the reactions at the lateral and medial pulleys all exert a moment on the calcaneus. This moment is balanced in the subtalar joint, which divides the dynamic body load between the hindfoot and the forefoot. The maximal stress values and largest stress concentrations were found at the medial-dorsal aspects of the central part of the first three metatarsals, the dorsal and lateral aspects of the talus, and the posterior aspect of the calcaneus. During midstance, the principal stresses at the dorsal aspect of the foot skeleton are predominantly compressive in nature, mainly due to the flattening of the structure. In the plantar aspect, however, principal stresses are mostly tensile, since as the foot flattens, the plantar ligaments and fascia are stretched, locally transferring tension stresses to the anterior aspect of the calcaneus and to the plantar aspects of the metatarsal heads; these stresses transform themselves into the above mentioned dorsal compression, due to the arch effect. The long plantar ligament, for instance, exerts significant tension stresses ͑maximum 1.12 MPa͒ in the region of its insertion point on the anterior aspect of the calcaneus ͑Fig. 6͒ in its role to attenuate the dynamic shock wave, reduced by the combined function of plantar ligaments and fascia with approximately 10 percent ͓47͔. This interaction, between soft and hard tissue components of the foot, should therefore be taken into account when considering the effect of trauma damage or surgical interventions involving release or removal of plantar ligaments or fascia.
• Simulation of the structural behavior of the foot during forefoot-contact, push-off, and toe-off subphases revealed elevated stress sites concentrated on the dorsal aspects of the first four metatarsals and phalanges, which carry most of the forefoot load at these positions, as demonstrated by the CPD/DRF tests ͑e.g., see Fig 1͑b͒͒. These sites are progressively shifted distally toward the end of stance, whereas the highest loaded region appears at the central part of the third metatarsal during push-off.
• The present analysis further shows that from forefoot-contact to toe-off, in most parts of the metatarsals, principal stresses are compressive, although in the most highly stressed regions there is also some tension present due to bending. While the metatarsals, generating the anterior aspect of the arch, carry increased loads from forefoot-contact to end of stance, the central part of the arch, i.e., the cuboid and lateral cuneiforms, bear significantly lower stress values ͑by a factor of approximately 2͒, compared to the stresses carried at the midstance stage. Additional sites of high stresses are found at the dorsal aspect of the talus that is continuously loaded with the dynamic body weight, as well as at the posterior aspect of the calcaneus, which is subjected to the contraction force of the triceps surae.
Discussion
General Comments. Several specific aspects of the abovedescribed evolution of the stress distribution within the foot are supported by recent studies in the literature. The development of medially oriented calcaneal stresses during heel-strike may be well correlated with the findings of Rodgers ͓43,44͔, who demonstrated this phenomenon experimentally by statistically comparing lateral and medial heel-ground contact stresses. In the studies of Rodgers, mean pressures under the medial region of the heel were found to be approximately 20 percent greater than those under the lateral region. During midstance, the first three metatarsals are shown to transfer most of the forefoot load. This observation is well supported by our prior knowledge on the dynamic FGP patterns during midstance, obtained through the CPD/DRF measurements ͑e.g., see Fig. 1͑b͒͒ , as well as by other studies in which contact pressure distributions were recorded using capacitive, resistive, or piezoceramic sensor arrays ͓44,48,49͔. Our analysis further demonstrated that the highest loaded region during push-off appears at the center of the third metatarsal bone. This result is well supported by the findings of Scott and Winter ͓3͔, Rodgers ͓43,44͔, Hughes ͓50͔, and Hermann ͓51͔, who demonstrated, using pressure transducers, that maximal contact stresses under the central metatarsal heads ͑second, third, and fourth͒ during pushoff are highly prevalent among normal individuals. A large-scale statistical research, conducted by Henning and Milani ͓52͔ with 111 normal subjects, showed that peak pressures beneath the third metatarsal head during push-off were higher than under the first and fifth metatarsal heads.
The numerical simulation predicted the highest stress values to appear in the dorsal part of the mid-metatarsals from midstance ͑maximum 3.48 MPa͒ to toe-off ͑maximum 4.23 MPa͒. Other high stress regions were found during these subphases at the posterior aspect of the calcaneus ͑maximum 3.84 MPa͒. Jacob ͓7͔ obtained higher stress values of up to 5.13 MPa for stresses at the central parts of the fourth and fifth metatarsals and 8.97 MPa for the anterior-dorsal aspect of the calcaneus during midstance, using a simplified model in which both the lateral metatarsals and the medial metatarsals were treated as single bodies and most of the midfoot joints were affixed. It is most likely that these later assumptions in Jacob's work would result in greater stress values, as the exclusion of several principal joints in his model produced an unnaturally stiff foot structure. Therefore, although some qualitative characteristics of Jacob's results ͑such as the ones indicating that the medial metatarsals and dorsal face of the talus are highly loaded during midstance͒ are in agreement with the present analysis, several differences, which are mainly related to the loading of the joints, exist between the results obtained from the two models. For instance, while Jacob's model indicated the junction of the calcaneus and cuboid to be the most loaded joint during midstance, the present analysis shows that the subtalar joint is the most loaded one.
It is most likely that such discrepancies appearing between the present results and the previous simplified two-or three- Table 4 Sites of elevated von Mises stresses located on the foot model during the stance phase dimensional models arise due to the last year's progress in the field of numerical modeling, which allowed the introduction of natural three-dimensional geometry of the foot structure, a more realistic location of muscle insertions, and many other modeling abilities. Hence, the present three-dimensional numerical model was shown not only to react according to experimental evidences, but also to provide, for the first time in the literature, an integral approach to the study of structural behavior of the foot during gait.
The structure of the human foot is extremely complex and accordingly, development of reliable experimental methods and realistic computational simulations describing its mechanical behavior during gait, is highly complicated.
In order to overcome the technical difficulties related with the computational limitations of the currently available commercial FE software packages, some simplifying assumptions were still required and should be kept in mind while interpreting the results. In the FE model, the mechanical properties of bone and cartilage tissues of the foot were assumed to remain constant in time and to be homogenous, isotropic, and linear elastic. This assumption is generally adequate for analysis of bones subjected to dynamic loading ͓1͔ but in the cartilage tissue, according to Fung ͓53͔, a quasi-linear viscoelastic assumption should be considered ͑see also ͓6,7,26͔͒. It is possible that introduction of a more realistic approach, not only for the cartilage but also for the plantar tissue pad, will decrease the foot-ground reaction forces ͑due to energy attenuation͒ and thereby, impose use of larger muscle forces to obtain successful validation with experimental data. Finally, imaging of the foot motion during gait was performed only in the sagittal ͑and not in the transverse͒ plane, since the X-ray source and detector elements of the DRF system could not be positioned to enable measurement in this plane without disturbing locomotion. Therefore, the model still lacks input of the relative motion between bones in the transverse plane during the subphases of stance.
The ability to acquire data characterizing internal stress states and their evolution during gait makes the presented threedimensional numerical model a basic clinical tool. Since the model can identify vulnerable skeletal and soft tissue components of the foot, it can be used not only for understanding the development mechanisms of some common disorders ͑like the ones associated with diabetes, arthritis, stress fractures, etc.͒, but also to serve as a tool for development of novel clinical decision making and foot treatment approaches, as discussed in the next sections.
Applications to Foot Surgery. As already mentioned, orthopedic surgeons frequently need objective information about the likelihood of success of a planned surgical intervention. The present foot model is able to provide such pre-operative evaluation by simulating the biomechanical effects of the intended surgical treatment. For example, in order to enhance structural foot corrections in diabetic patients ͓54͔, virtual removals of some bony and soft tissue elements from the model can be carried out until an optimal structure is obtained, in terms of functional behavior and stress distribution during gait. Routine management of this computational procedure prior to Transmetatarsal Amputations ͑TMA͒ in diabetes, for instance, may minimize skin breakdown, which is a common post-TMA complication among these patients ͓55͔, by reducing local soft tissue stresses.
Applications to Gait Physical Therapy. Clinical gait laboratories, employing physical therapy methods, are gradually becoming widely present in hospital settings. From a clinicalpractical perspective, great benefits could be obtained by integrating both measurements and numerical analysis tools as presented in this paper. Clinical use of gait data generally takes the form of evaluating biomechanical and neuromuscular consequences following a specific treatment, which may be surgical, orthotic, prosthetic, or physical therapy. However, the current medical procedures used to obtain the data needed for these assessments ͑including physical examination, observations, radiographs, and plantar pressure diagrams͒ may provide only limited information regarding the efficiency of a specific treatment. Introducing the three-dimensional numerical model of the foot, which can be adapted for use with any method of contact pressure measurements, the present study provides new tools for foot diagnosis and prognosis, enabling quantitative evaluation of possible foot treatments. Physical therapists may consequently apply these tools to assess quantitatively the characteristic behavior of the foot components during gait while corroborating the findings using dynamic electromyography ͑EMG͒ signals of the lower extremity muscles. For example, lack of foot stability for certain patients could be perceived during one or more of the main subphases of stance, i.e., heel-strike, midstance, or push-off. This phenomenon may be correlated with abnormal lateral or medial deviations at the center of the respective FGP due to abnormal force output of one of the triceps surae muscles and the physical therapist can be guided by this information to the muscle that should be treated in the rehabilitation program. The measured kinematic/dynamic and EMG data can also be incorporated as input parameters for the three-dimensional foot model, to simulate both foot abnormality and the suggested treatment. Following treatment, CPD/DRF tests could be repeated, to compare predicted with actual results.
A common clinical use of gait analysis in physical therapy is to compare the performances of disabled individuals with normative data to describe how disabled gait differs from the ''normal.'' However, at the present stage, gait analysis methodologies are lacking standard normalization procedures that will optimize subject evaluation toward establishment of normative databases for disabled groups ͓56͔. In this field, the previously suggested dynamic SIP approach seems to be applicable; the approach can be used in clinical research and practice not only to produce standard databases, but also to correlate the foot structure behavior quantitatively with its ͑dys͒function.
Conclusions
These findings demonstrate that stress distribution within the foot structure during gait can be obtained using a realistic threedimensional model, by combining two powerful techniques: integrative CPD/DRF measurements and Finite Element modeling. In each of the six subphases, the model was adapted according to data provided by the DRF kinematic measurements, in order to simulate the structural stresses within the foot skeleton and soft tissues. CPD measurements were used to validate the model by applying the newly introduced dynamic SIP characteristics. The resulting ground reaction forces and contact stresses, obtained for each of the six subphases, compared well with respective experimental data, when subjected to predefined statistical tests. Finally, the presently developed biomechanical tools open new approaches for clinical applications, from simulation of the development mechanisms of common foot disorders to pre-and postinterventional evaluation of their treatment.
Nomenclature
AJL ϭ ankle joint load COP ϭ center of pressure CPD ϭ contact pressure display DRF ϭ digital radiographic fluoroscopy DSI ϭ digital spot imager EDL ϭ extensor digitorum longus EHL ϭ extensor hallucis longus EMG ϭ electromyography FDL ϭ flexor digitorum longus FE ϭ finite element FGP ϭ foot-ground pressure pattern FHL ϭ flexor hallucis longus MD3 ϭ multi diagnost 3 ͑Philips͒ PB ϭ peroneus brevis PL ϭ peroneus longus
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Transactions of the ASME SIP ϭ stress intensity parameters TA ϭ tibialis anterior TAU ϭ Tel Aviv University TMA ϭ transmetatarsal amputations TP ϭ tibialis posterior TS ϭ triceps surae
